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Measurement of the W Mass




The mass of the W boson is determined from reconstructed invariant mass dis-
tributions in W-pair events. The sample of W pairs is selected from 174 pb−1
collected with the ALEPH detector in 1998 at a centre-of-mass energy of 188.63
GeV. The invariant mass distributions of reweighted Monte Carlo events are
tted separately to the experimental distributions in the qqqq and all ‘qq
channels to give the following W masses:
mhadronicW = 80:561 0:116(stat:) 0:053(syst:) 0:056(theory) GeV=c2;
msemileptonicW = 80:406 0:114(stat:) 0:033(syst:) GeV=c2:
where the systematic error includes the LEP energy uncertainty and the theory
error represents the possible eects of nal state interactions. The combination
of these two measurements together with those derived previously from the
WW pair cross section at 161 GeV and direct reconstruction at 172 and 183
GeV gives
mW = 80:4110:064(stat:)0:037(syst:)0:022(theory)0:018(LEP) GeV=c2:
(ALEPH Contribution to 1999 Summer Conferences)
1 Introduction
The W mass has been measured at LEP from the direct reconstruction of the invariant
mass of its decay products in both the WW ! qqqq (denoted 4q) and WW ! ‘qq
channels at CM energies of 172 GeV in 1996 [1] and 183 GeV in 1997 [2].
This conference note describes a new ALEPH measurement of the W mass obtained
from a much larger sample of data (2.5 times) collected in 1998 with an integrated
luminosity of 174.2 pb−1 at 188.63 GeV. A high statistics run at 91.2 GeV of 2.5 pb−1
provided a large sample of Z decays for calibration. The analysis of each channel follows
the procedures developed for 183 GeV. However, a new neural network is introduced in
the 4q channel and the selection of the semileptonic events is rened for the higher CM
energy. After event kinematic tting, Monte Carlo mass distributions are reweighted to
t the 2-D rescaled mass distribution of 4q events and the 1-D mass distributions of the
semileptonic events to extract the W mass. All systematic errors are re-evaluated except
for the W ! qq fragmentation uncertainty and in the 4q channel the eect of nal state
interactions and backgrounds. The 183 GeV errors are retained as preliminary estimates.
The relatively small error arising from missing ISR higher order terms in the Monte Carlo
has not been re-assessed either.
The W masses found separately in the 4q and all semileptonic channels together are
combined with previously published results at 172 GeV and new results at 183 GeV,
taking into account common sources of systematic errors.
2 Monte Carlo samples
A reference sample of 300k four-fermion (4-f) events to all decay modes was generated
with KORALW at a CM energy of 188.6 GeV. The W mass was set to 80.35 GeV=c2 and the
width taken from Standard Model predictions to be 2.094 GeV=c2. This sample is used for
tting to the data in the reweighting procedure. Additional samples were generated with
W masses up to 0.5 GeV=c2 away from the reference sample for checking the stability of
the results. Also, an independent sample of 150k W pair events was generated with KORALW
restricted to the doubly resonant CC03 diagrams. This sample is used to determine the
selection eciencies, train the neural networks and parametrise the corrections used in
the kinematic tting.
All background reactions were fully simulated at 188.6 GeV. The e+e− ! qq(γ)
events were generated by PYTHIA for the ‘qq background studies and by KORALZ for the
4q channel each with samples of 600k events corresponding to an integrated luminosity
of 6.0 fb−1. Also, 90k ZZ and 100k Zee events were generated with PYTHIA; the latter
with a minimum Z(γ) invariant mass of 12 GeV=c2. Events with a flavour content that
could originate from WW production are explicitly rejected from the ZZ sample to avoid
double counting with the KORALW 4-f sample. The e+e− ! We process was simulated
by PYTHIA with the electrons generated over the phase space allowed in the production of
the semileptonic 4-f events. Two-photon backgrounds are expected to be small and have
not yet been included. KORALZ and UNIBAB were used for dilepton nal states.
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3 Event selections
3.1 W+W− ! qqqq events
A preselection is made to suppress radiative returns to the Z and only accept hadronic
events which form four jets with y34 greater than 0.001 in the DURHAM-PE scheme. Events
with a jet in which more than 90% of its energy is carried by one charged particle or
where there is more than 95% of electromagnetic energy in a 1 cone around any particle
are removed. A more performant neural network (NN14) with a smaller number of input
variables than used previously [2] was chosen to discriminate between signal and back-
ground events. Trained with a large sample of 100k WW events and comparable samples
of qq(γ) and ZZ events at 189 GeV, the extracted W mass is found to be stable to within
10 MeV=c2 with respect to the NN14 cut value applied in the signal region. Cutting on
the NN14 output leaves 1435 candidate events compared with 1526 expected from the
Monte Carlo for all processes.
3.2 W+W− ! eqq and W+W− ! qq events
The selection is an update of the previous analysis at 183 GeV [2] to take into account
the higher initial boost of the produced W pairs. Therefore, the choice of the lepton
candidate is based on its isolation from the nearest hadronic jet [3]. The DURHAM-PE
clustering algorithm is applied to all energy flow objects that are not used to construct
the lepton four-momentum, and these are forced into two jets.
The probability for an event to come from the signal process is constructed from the
energy and isolation of the lepton as well as the total missing transverse momentum [2].
Cutting on this probability leaves 391 and 405 candidate events in the electron and muon
channels respectively. Monte Carlo studies predict 405 and 402 events, respectively, in
good agreement. This probability cut is varied over a wide range from 0.3 to 0.8 and no
signicant shifts in mW are found. In addition, the values of mW found for dierent mass
windows lie within the uncorrelated errors assigned.
3.3 WW ! qq events
The event selection procedure is essentially the same as at 183 GeV but with appropriate
cuts scaled to 189 GeV. Following a preselection, an event is accepted if it passes either a
topological or a global selection with a  jet identied. The rest of the event is forced into
two hadronic jets. The event is vetoed if it is selected by either the e or  selections, so
that the semileptonic samples are independent. The number of candidate events selected
at this stage is 241 in reasonable agreement with the Monte Carlo prediction of 263.
Checks are made on the  selection using a comparable discriminant variable analysis.
4 Invariant mass reconstruction
4.1 W+W− ! qqqq events
A four-constraint (4-C) kinematic t is made to each selected event in data and Monte
Carlo after correcting the measured jet momenta and directions to take into account the
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eect of particle losses in the detector. Two rescaled masses, each given by mrescij =mij =
Eb=(Ei + Ej); where Eb is the beam energy and Ei, Ej are the tted jet energies, are
determined for each of the three possible di-jet combinations. The jet pairing algorithm
applied previously at 183 GeV is used to nd the combination most likely to correspond
to a WW pair. The two candidate masses in this chosen combination must lie between
60 and 86 GeV=c2 with at least one mass above 74 GeV=c2. Table 1 shows the predicted
fraction of signal events passing all analysis cuts and the nal purities achieved in the
event sample used for the mass extraction.
4.2 WW ! ‘qq events
A 2-C t is performed on each event using the kinematic tting package developed at 183
GeV [2] where a 2 is minimised constructed from the deviations of selected parameters
of the jets and leptons from their true values. New parametrisations of these deviations
are made for 189 GeV and improvements made to reduce the proportion of events which
fail to converge (5% for all channels). No 2 probability cut is applied. For all channels,
the single tted mass obtained per event must lie in the window 74 to 94.5 GeV=c2. The
nal number of events remaining from each channel for the measurement of the W mass
and the corresponding predictions from the Monte Carlo are given in Table 1.
Table 1: Final numbers of events (signal + background) remaining after all analysis cuts for the
determination of the W mass in each channel. The corresponding Monte Carlo predictions (normalised to
an integrated luminosity of 174.2 pb−1) are tabulated together with the expected purities and efficiencies
for all channels. All semileptonic Monte Carlo events which pass the τ selection are included there as
signal.
Process 4q e  
Predicted events 1173 371 365 176
Observed events 1068 358 363 159
Eciency(%) 71.4 81.3 84.1 41.5
Purity (%) 84.7 92.7 96.6 95.4
5 Extraction of the W mass
The W boson mass mW is determined from the hadronic and semileptonic channels sep-
arately. For each channel, a binned Monte Carlo reweighting procedure developed previ-
ously [2] is employed to nd the value of mW which best ts the observed invariant mass
distribution including background. In the 4q channel, the minimisation is performed
with a two-dimensional probability density function whilst the ‘qq channels remain one-
dimensional. Variable binning is employed in the 4q and  channels, the parameters of
which are controlled by the density of Monte Carlo events. These parameters, namely
size and minimum numbers of events per bin, are optimised to produce a stable result
The statistical error on mW is computed from the ts to the data distributions. Also,
a large number of Monte Carlo subsamples are studied, each with the same number of
events as the data, to evaluate the expected error from the RMS spread of tted masses
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and the distribution of t errors obtained. The relationship between the tted and true
masses is found to be linear between 79.85 and 80.85 GeV=c2 for all channels over this
range and no signicant osets are observed.
At LEP1, the Z mass was dened using a running-width scheme in the Breit-Wigner
propagator. However, a xed-width scheme has been employed in generating all WW
events with KORALW. As a result, to make both mass measurements consistent with each
other, a positive shift of 27 MeV=c2 is applied to the extracted W mass.
6 Systematic uncertainties
The following subsections describe all the systematic errors reconsidered for each decay
channel at 189 GeV. They are listed in Table 2 in two parts: (a) where there is some
correlation between the channels and (b) where the errors are independent.
6.1 Calorimeter calibrations
The uncertainties in the global calibrations of the ECAL and HCAL energy are assessed
to be 0.9% and 2% respectively. For the semileptonic channels, the eect of these
uncertainties is determined using Monte Carlo samples of the same size as the data.
The energy depositions in each event are scaled both up and down by these amounts,
independently for the two calorimeters. The maximum mean shifts seen in mW from the
two directions are determined for each calorimeter and combined in quadrature to form
the error. In the hadronic channel, the shifts are applied directly to the data rather than
the Monte Carlo.
6.2 Charged particle tracking
After the alignment of the data, small distortions remain in tracks, particularly in the
forward regions of the detector. Corrections for these distortions, which are proportional
to momentum and opposite in sign for positively and negatively charged particles, are
determined by equalising the momenta of the two charged tracks in Z ! +− events.
The resulting systematic error on mW is evaluated only for the semileptonic channels which
are most aected by these distortions. The shift in mW is determined in each channel
using a large Monte Carlo sample of common events by applying the full corrections
to all tracks as a conservative estimate of the systematic uncertainty in their momenta.
The eect of restricting the lepton tracks in semileptonic events to polar angles with
cos   0:90 (rather than 0.95) has also been investigated and no signicant shifts in the
masses have been observed.
6.3 Jet corrections before the kinematic fit
The discrepancies (maximum 3% at small polar angles) found in matching reconstructed
Monte Carlo jets to data are parametrised as a function of the jet polar angle  to the beam
axis. To estimate the systematic error, two modied parametrisations are evaluated which
accommodate the 1 errors in these discrepancies taking into account the correlations.
The largest shift observed in mW for each channel when these modied parametrisations
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are used to correct the jet energies in a large Monte Carlo sample is taken as the systematic
error.
6.4 Background contamination
For the semileptonic events, the error from this source is expected to be small because the
total background is only a small fraction of the signal. The error due to the background
shape is estimated using Z data, in the same way as for the hadronic channel [2]. The
uncertainty in the background normalisation is estimated by taking the largest discrepancy
found in the ratio of data to Monte Carlo events in the e and  channels where the
probability is less than 0.05 and applying equally to all channels. The resulting error
from both sources is very small in all channels.
6.5 LEP energy
The LEP beam energies are recorded every 15 minutes, or more frequently if signicant
shifts are observed in the RF frequency of the accelerating cavities. The instantaneous
values recorded nearest in time to the selected events are used in the analysis. The relative
error in the LEP energy translates into the same relative uncertainty on the tted mass,
since the beam energy is used directly in the kinematic ts. Thus, for a LEP beam energy
error of Eb = 20 MeV, a systematic uncertainty of mW = 17 MeV=c
2 is assigned to
all the channels.
Table 2: Summary of the correlated and uncorrelated systematic errors on mW. z denotes error taken
from 183 GeV studies [2]
mW (MeV=c
2)
Source 4q e  
Correlated errors
Fragmentation 35z 25z 25z 30z
Calorimeter calibrations 30 27 14 19
Tracking - 7 3 3
Jet corrections 8 14 4 7
Initial state radiation 10z 5z 5z 5z
LEP energy 17 17 17 17
Uncorrelated errors
Reference MC Statistics 10 16 15 23
Background contamination 10z 8 1 25
Colour reconnection 25z - - -
Bose-Einstein eects 50z - - -
Total 77 47 37 53
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7 The results at 189 GeV
7.1 qqqq channel
The mass found from a maximum likelihood t to the data is
mhadronicW = 80:561 0:116(stat:) 0:053(syst:) 0:056(theory) GeV=c2:
The quoted theoretical error is taken from the Bose-Einstein and Colour Reconnection
systematics in quadrature calculated at 183 GeV. The quoted systematic error includes
the LEP energy uncertainty. The expected statistical error is obtained from tting in-
dividually to 100 independent Monte Carlo subsamples each with the same number of
events as the data taken in turn from the primary reference sample. This gives 0.101
GeV=c2. Fig. 1(a) shows the mass distribution of the rescaled masses (two entries per
event) in the window 60 to 86 GeV=c2 compared with the Monte Carlo prediction for mW
= 80.35 GeV=c2.
7.2 e,  and  channels
The results quoting the t statistical and systematic errors including the LEP energy are:
WW ! eqq mW = 80:524 0:180(stat:) 0:047(syst:) GeV=c2;
WW ! qq mW = 80:297 0:164(stat:) 0:037(syst:) GeV=c2;
WW ! qq mW = 80:461 0:332(stat:) 0:053(syst:) GeV=c2:
From randomly chosen subsamples taken in turn from the Monte Carlo WW reference
sample, the expected errors are 0.174, 0.159 and 0.335 GeV=c2 for the e,  and 
channels, respectively. Figures 1(b),(c),(d) show the mass distributions for the selected
events in each channel and the corresponding Monte Carlo distributions with mW = 80.35
GeV=c2 in each case. The weighted average mass for the semileptonic channels is
msemileptonicW = 80:406 0:114(stat:) 0:033(syst:)GeV=c2:
7.3 All channels
The combined mass from all channels is
mW = 80:472 0:081(stat:) 0:043(syst:) 0:025(theory)GeV=c2:
where the LEP energy uncertainty of 0.017 GeV=c2 has been added to the systematic
error in quadrature and the 2 is 0.75/1.
8 Hadronic and leptonic W masses
The preliminary mass values from the hadronic (4q) and semileptonic (‘qq) analyses
obtained at 189 GeV can be combined with those determined at 172 GeV and 183 GeV
by the same method. In addition, new preliminary masses have been obtained at 183 GeV
from the lepton energy spectrum of ‘‘ and ‘qq events [4] which are not in common
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Table 3: W masses measured from (a) purely hadronic and (b) a combination of leptonic and semilep-
tonic decay events. Systematic errors include LEP beam energy uncertainty.
mhadronicW (GeV=c
2) mstat. msyst.
172 GeV (nal) 81.30 0.47 0.106
183 GeV (nal) 80.461 0.177 0.075
189 GeV (prelim.) 80.561 0.116 0.077
mleptonicW (GeV=c
2)
172 GeV (nal) 80.38 0.43 0.135
183 GeV (prelim.) 80.223 0.153 0.059
189 GeV (prelim.) 80.406 0.114 0.033
with those used for the extraction of the mass described in previous sections. These
results are combined to give a \leptonic" mass at 183 GeV. Table 3 lists all hadronic and
leptonic mass values derived by ALEPH.
These measurements of mhadronicW and m
leptonic
W at each CM energy are combined by
minimising a 2 built from the full covariance matrix taking into account all correlations
between dierent channels and dierent years, including correlations in the LEP beam
energy uncertainty between dierent years1. First, all measurements are tted to the
average mhadronicW and m
leptonic
W , considered as two dierent physical parameters, in order
to investigate if there is a signicant dierence due to nal state interaction not prop-
erly described in the Monte Carlo. At this stage all systematics are taken into account
including the theory error. The resulting averaged hadronic and leptonic masses are
hmhadronicW i = 80:561 0:095(stat:) 0:050(syst:) 0:056(theory) GeV=c2;
hmleptonicW i = 80:343 0:089(stat:) 0:041(syst:) GeV=c2:
with a 2/dof of 3.66/4. A second t is performed to extract the dierence between
hadronic and leptonic masses when the theory error from Bose Einstein and colour recon-
nection is not included, yielding
hmhadronicW i − hmleptonicW i = +0:219 0:132(stat + syst:)GeV=c2 ;
to be compared with the 0:056 GeV=c2 theory uncertainty.
Finally, the W mass is tted to all measurement at 172, 183 and 189 GeV and is
combined with the earlier ALEPH results evaluated from the total W pair cross sections
at 161 and 172 GeV. With a 2=ndf = 6:56=6, this weighted average of all ALEPH
current measurements of the W mass gives
mW = 80:411 0:064(stat:) 0:037(syst:) 0:022(theory) 0:018(LEP) GeV=c2:
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Figure 1: (a),(b),(c) and (d) Mass distributions for the 4q, e, µ, and τ data (points with error bars),
non-WW background (shaded area) and signal+background Monte Carlo with mW values set by the
reference Monte Carlo at 80.35 GeV/c2 (solid line histogram).
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